There are substantial subtelomeric interstitial telomeric sequence (ITS) in the human genome, however the origin of these sequences is not well understood. We investigate the possibility that these ITS have arisen via a process of chromosome end extension to the telomere sequence. By analysing the relationship between subtelomeric duplication and ITS, we identify multiple ITS which were ancestral chromosome telomeric capping sequence. Comparison of chromosome terminal sequence between 15 species reveals an ongoing evolutionary process of chromosome extension, with an average extension rate of 0.0020 bp per year per chromosome. Analysis of SNP data from 1000 genomes demonstrates reduced SNP diversity in subtelomeric regions, indicating that many terminal regions are younger than the remaining autosomal sequence. 
INTRODUCTION
window was unable to provide a diversity estimate. Otherwise, the diversity in these merged regions will 79 represent the diversity of this window.
80
For each window, diversity is calculated as the average of the base pair diversity, i.e.h =
where L is the total (callable) size of the window. The base pair diversity is defined as
where f is allele frequency and n is the number of observed alleles. Finally, we summarize the average 83 diversity from all the chromosomes for each bin ash =
, where c is total 84 number of available chromosomes.
85
In order to calculate regional divergence between Human and Chimpanzee genomes at chromosome 86 ends, we downloaded the alignments from human(GRCh37) to chimpanzee(panTro4) at UCSU (Kent 87 et al., 2002). In brief, this alignment was unique for each base pair. The divergence regions were defined 88 as the human-aligned regions(2.74 Gb). The nucleotide divergence was calculated as the percentage of 89 substitution between two sequences. Non-SNP mutations were ignored in the estimation.
Baboon(papHam1), Cat(felCat5), Elephant(loxAfr3), Kangaroo(dipOrd1), Panda(ailMel1), Pig(susScr2), chromosome 2A and 2B(IJdo et al., 1991), we sorted the alignments by human chromosome and location.
100
We searched for the most terminal end alignment. Because short alignments could result from common 101 repeat elements and subtelomeric duplications, we only selected the alignments longer than human longest 102 subtelomeric duplication (154k) to represent ancient chromosome sequence. Because sequence divergence 103 and genome assembly quality will significantly affect the alignment length. Baboon, Kangaroo, Panda,
104
Pig, Rabbit and Zebrafish genomes were hard to represent large ancient chromosome sequence and
105
removed from the analysis.
106
We defined the ancient chromosome end for the last common ancestor of species A (typically human) 
k , which k is the number of primates andt is the mean of estimated MRCA time.
116
We downloaded all available pairwise alignments for eight species (Human(GRCh37), Cow(bosTau7), this analysis(see discussion).
125

RESULTS
126
Some subtelomeric interstitial telomeric sequences represent ancient chromosome ends
127
There are multiple interstitial telomeric sequences (ITS) in the human genome which are orientated see Table S1 ). The STD duplication on the distal side of ITS suggests that duplication events occurred at 135 the end of the ITS. telomere sequence for the last common ancestor of primates.
143
We propose that some current subtelomeric ITS, including these two specific examples, were the 144 ancient chromosome end telomere sequences. We considered three alternate models for the origin of sequence, so it cannot explain the origin of ITS.
152
The third model is that subtelomeric ITS are insertion sequences of double-stranded break(DSB) were joined without the intervening ITS(see Methods, Table S4 ). There is no proper ITS deleting example
166
to support the hypothesis of subtelomeric interstitial ITS originating from an insertion of repairing DSB.
167
We also observe an excess of distal-to-ITS only rather than proximal-to-ITS alignment in this primate Table S3 ). II) The homologous sequence overlaps the distal breakpoint only. III) The homologous sequence is next to (<50bp) ITS distal breakpoint. IV) The homologous sequence is overlapping the proximal breakpoint only. V) ITS is next to (<50bp) ITS proximal breakpoint VI) No homologous sequence is observed. * means updating the orientation of 2q and 12p ITS as GRCh38. The permutation P-value of distal categories(II) are less than 0.001(Details see Table S2 ). Table S5 ). For example in Figure 5a ,5b, the non-primate mammals 
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242
We estimated the extension rate by dividing the length of extension sequences by the estimated time 243 since the most recent common ancestor (MRCA)(see Methods). This rate estimated the combined effect 244 of both extension and shortening. If shortening is dominant, there will be zero extension sequence like 3p.
245
Considering chromosome end extinction(see discussion), we only estimate the rate in extant chromosome 246 end. In human, we could estimate this rate from the highly identical chromosome ends(count=23, see and Eulipotyphla, respectively.
253
DISCUSSION
254
Our analysis indicated that many subtelomeric duplications have been mediated by subtelomeric interstitial 255 telomeric sequence (ITS) and that the duplications preferentially occur on the distal side of these ITS.
256
This indicates that the interstitial telomeric sequence is the ancient chromosome ends and that duplication 257 occurred via a process of fusion to the capping telomere at the chromosome end. Moreover, the observed 258 extensions in the BioNano sequence data (Shao et al., 2017) appear to be compatible with this hypothesis, 259 although the current resolution of this approach is too large to be conclusive. 
